Many patients with repaired Tetralogy of Fallot (ToF) have right ventricular (RV) volume overload due to pulmonary regurgitation (PR). We studied the effect of volume overload on global and regional RV and left ventricular (LV) deformation, and their relationships with conventional diagnostic parameters.
Introduction
Tetralogy of Fallot (ToF) is the most prevalent form of cyanotic congenital heart disease. 1 Early surgical repair has dramatically improved survival of ToF patients. However, residual lesions such as pulmonary regurgitation (PR) and right ventricular (RV) dysfunction are common after late repair. 2 RV dysfunction also seems to affect left ventricular (LV) systolic function. 3 -6 RV and especially LV dysfunction are important indicators of clinical outcome. 3, 4, 7 Therefore, early detection of ventricular dysfunction is essential. Echocardiographic evaluation of biventricular function in ToF patients has been challenging because of the complex shape of the ventricles. Speckle-tracking echocardiography (STE) provides objective measurements to quantify ventricular function, independently of angle and ventricular geometry. 8 One of the measurements is strain imaging, also known as myocardial deformation imaging, which may detect ventricular dysfunction in a pre-clinical phase. Although strain imaging is mainly developed for LV mechanics, it can also be used to study RV deformation. 9 In ToF patients with normal LV ejection fraction (EF), decreased LV longitudinal strain has been reported, suggesting subclinical LV myocardial damage. 10 Decreased RV longitudinal strain has also been described; however, these studies are mainly performed in small groups or in children. 10 -12 Our aim was to evaluate LV and RV deformation in adults with ToF late after their initial surgical repair and to investigate relationships with ventricular dimensions and function, severity of valvular diseases, exercise capacity, and N-terminal pro-Brain Natriuretic Peptide (NT-proBNP).
Methods

Study population
For this cross-sectional study, we prospectively recruited patients who had undergone surgical ToF repair between 1968 and 1995. The study protocol included echocardiography, 12-lead electrocardiography (ECG), bicycle ergometry, cardiac magnetic resonance (CMR) imaging, and NT-proBNP measurement, all performed on the same day. Exclusion criteria were a pacemaker, atrial fibrillation, and poor quality of echocardiographic images, resulting in inadequate speckle-tracking analysis of both ventricles. Baseline characteristics were collected as current age, sex, and surgical data. Echocardiographic data of the patients were compared with data of healthy controls. The healthy controls were voluntarily recruited via an advertisement and had no medical history, medication or current symptoms suggesting cardiovascular disease.
The study was carried out according to the principles of the Declaration of Helsinki and approved by the local medical ethics committee. Written informed consent was obtained from all subjects.
Echocardiography
Two-dimensional greyscale harmonic images were obtained in the left lateral decubitus position using an iE33 ultrasound system (Philips Medical Systems, Best, the Netherlands) equipped with a transthoracic broadband S5-1 (1 -5 MHz) or X5-1 matrix transducer (1 -5 MHz extended operating frequency range) at a frame rate of .60 frames/s. We used the guidelines of the American Society of Echocardiography for chamber measurements, including LVEF (Simpson's method), RV fractional area change (FAC), and tricuspid annular plane systolic excursion (TAPSE). 8 For valvular regurgitation and stenosis, we used recommendations of the European Association of Echocardiography.
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Speckle-tracking analysis
Offline analyses of the data sets were performed using STE by QLAB version 9.0 (Philips Medical Systems). At the standard apical fourchamber view (A4C), we defined the endocardium of the LV lateral wall and septum to analyse LV peak systolic global longitudinal strain (GLS), segmental longitudinal strain, and strain rate ( Figure 1A) . The interventricular septal strain was measured along with the LV lateral wall, because QLAB has been developed for LV mechanics. LV GLS at A4C was considered feasible when at least six of the seven segments were measurable. For LV GLS based on the three apical views, at least 12 segments of the 17-segment model had to be measurable ( Figure 1 ). For analysis of RV free wall strain, segmental strain, and strain rate, we defined the endocardium of the free wall at the RV-centred A4C ( Figure 2 ). RV free wall strain was scored feasible when all three segments could be measured. The LV algorithm was applied for both ventricles. After positioning tracking points on an end-diastolic frame, the program tracked these points on a frame-by-frame basis. When tracking was suboptimal, we retraced the endocardial border. Peak systolic longitudinal strain and strain rate were defined as the peak negative value on the curve during the ejection phase. Data were exported to a spreadsheet program (Excel; Microsoft Corporation, Redmond, WA, USA). All references to strain changes consider the absolute value of the number, so that higher or increase in longitudinal strain means a more negative number and lower or decrease means a less negative number. 16 
CMR imaging
CMR imaging was performed using a Signa 1.5-T scanner (GE Medical Systems, Milwaukee, WI, USA) with dedicated phased-array cardiac surface coils. Details of the used CMR sequence have been reported previously. 17 For analyses, an Advanced Windows workstation (GE Medical Systems) was used, equipped with QMass and QFlow version 5.2 (Medis Medical Imaging Systems, Leiden, the Netherlands). The ventricular volumetric data set was quantitatively analysed by one investigator (J.C.) using manual outlining of endocardial borders in end-systole and end-diastole excluding large trabeculae (visible on three subsequent slices) and papillary muscles from the blood volume. Biventricular end-diastolic volume, end-systolic volume, stroke volume (SV), and EF were calculated using the disc summation method. To define the basal RV, images of the atria were acquired and the exact delineation was cross checked on other images. We included the portion of the RV outflow tract below the pulmonary valve in the RV volume measurements. Pulmonary regurgitation fraction was determined from flow measurements in phase contrast sequences.
Cardiopulmonary exercise testing
Peak work load, heart rate, oxygen consumption (VO 2 ), respiratory exchange ratio (RER), and CO 2 -equivalent (EqCO 2 ) were assessed on a bicycle ergometer with gradual workload increments of 20 W/min (Ramp protocol) and compared with normative data.
NT-proBNP measurement
Peripheral venous blood samples were collected after 30 min of rest. Plasma NT-proBNP levels were determined with use of the commercially available electrochemiluminescence immunoassay Elecsys (Roche Diagnostics, Basel, Switzerland). The normal value in our hospital is ,14 pmol/L.
Statistical analysis
Continuous data are presented as mean + standard deviation (SD) or as median with inter-quartile range (IQR). Categorical data are presented as frequencies and percentages. For comparison of normally distributed data in one group, we used the paired t-test, between two groups the Student's t-test, and between more than two groups the one-way ANOVA test. NT-proBNP values were log transformed to create a normal distribution. In case of skewed distribution, the Mann-Whitney U test was applied. For comparison of frequencies, the x 2 test or Fisher's exact test was used and for quantifying correlations the Pearson or Spearmancorrelation test. Multivariable regression analysis was performed for associations between strain and baseline characteristics. Intra-observer and inter-observer agreement of LV GLS at A4C and RV free wall strain were assessed by repeated analysis (M.M., J.M.) in more than half of the data sets and of RV segmental strain in a quarter of the data sets at least half a year after the initial analysis on the second cardiac cycle at the same images. The limits of agreement between two measurements were determined as the mean of the differences +1.96 SD and presented in a Bland -Altman plot. Additionally, the coefficient of variation (SD of the differences of two measurements divided by their mean) was provided.
All statistical analyses were performed using the Statistical Package for Social Sciences version 21 (SPSS Inc., Chicago, IL, USA). The statistical tests were two sided, and P , 0.05 was considered statistically significant. We defined image quality as poor when speckle-tracking analysis was infeasible for both ventricles. Bicycle ergometry was not performed in 24 patients mainly due to refusal or inability; CMR not in 28 due to refusal or claustrophobia. A2C, apical two-chamber view; A3C, apical three-chamber view; A4C, apical four-chamber view; CMR, cardiac magnetic resonance imaging; ECG, electrocardiography; GLS, global longitudinal strain. Figure 3 presents an overview of the patient participation. Table 1 shows the baseline characteristics of the study population. Twenty patients have had a palliative shunt before initial repair with a median duration of 4 years [IQR: [3] [4] [5] [6] . The patients were studied 27 years [IQR: [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] after initial surgical repair. Thirty-seven (39%) patients underwent primary pulmonary valve replacement (PVR) due to severe PR 22 years [IQR: [18] [19] [20] [21] [22] [23] [24] [25] [26] after surgical repair and 6 years [IQR: [4] [5] [6] [7] [8] [9] before the current study. None of the patients have had secondary PVR. In the subsets of patients with CMR, cardiopulmonary exercise testing, or NT-proBNP measurement, their baseline characteristics were also comparable with those of the healthy controls. Table 2 presents conventional echocardiographic characteristics. Table 3 shows the degree of PR in patients with PVR and patients without PVR.
Results
Study population
LV longitudinal strain and strain rate
The mean LV GLS in patients was significantly lower than in controls, mainly due to decreased midventricular and apical septal strain ( Figure 4) . Table 4 presents LV strain rate values.
RV longitudinal strain and strain rate
The mean RV free wall strain was significantly decreased in patients, as well as the strain of the three segments separately ( Figure 5 ). In patients, the RV apical strain was lower than the RV basal strain (P , 0.001) and midventricular strain (P ¼ 0.010). In controls, strain values of the three segments were comparable. Table 4 presents RV strain rate values.
Relationships with baseline characteristics and clinical parameters Table 5 presents the results of a sub-analysis for age groups, sex, and surgical characteristics.
Age at repair correlated weakly with RV free wall strain (r ¼ 20.31, P ¼ 0.013) and LV GLS (r ¼ 20.24, P ¼ 0.033). After multivariable regression analysis adjusting sex, current age, and body surface area, associations were no longer significant between age at repair and RV free wall strain (b ¼ 20.27, P ¼ 0.130), or LV GLS (b ¼ 20.28, P ¼ 0.053). No other correlations with surgical characteristics were found. The QRS duration correlated with RV free wall strain (r ¼ 0.31, P ¼ 0.015) which means that patients with a longer QRS duration had lower RV strain. QRS duration did not correlate with LV GLS.
With cardiopulmonary exercise testing, the mean peak workload was 88 + 17% of normal; peak heart rate 87 + 9%; peak VO 2 81 +17%; peak RER 1.36 + 0.19 and peak EqCO 2 29.1 + 4.7. No significant correlations were found between RV free wall strain and LV GLS with these parameters. 
Relationships with echocardiographic parameters
A positive correlation between RV free wall strain and LV GLS was found in all subjects (r ¼ 0.46, P , 0.001) and in the patient group itself (r ¼ 0.37, P ¼ 0.010). Figure 6 shows a strong correlation between RV free wall strain with TAPSE and moderate correlation with RV longitudinal dimension. The RV segments separately correlated also significantly with TAPSE and RV longitudinal dimension. Table 6 summarizes correlations between biventricular GLS and other echocardiographic parameters.
Patients with an LVEF , 50% had a lower LV GLS (216.3 + 2.7%) than patients with an LVEF ≥50% (218.4 + 2.1%, P ¼ 0.001). RV free wall strain in patients with RV FAC , 35% tended to be lower (216.9 + 4.0%) than in patients with normal RV FAC (219.2 + 4.6%, P¼ 0.094). Table 5 pulmonary valve disease. No significant differences in LV GLS and RV free wall strain were found between patients with none, mild, or moderate tricuspid regurgitation.
Relationships with CMR parameters
The median PR fraction was 20% [IQR: 0-43]. Patients with PR . 25% had a significantly higher strain than patients with PR ≤ 25% ( Table 5 ). In the group with PR . 25%, none of the patients had a PVR vs. 16 (52%) PVR patients in the group with PR ≤ 25% (P , 0.001). Table 7 presents CMR-derived ventricular volumes and EFs, and their correlations with GLS.
Intra-observer and inter-observer agreement
The mean difference of the intra-observer measurements was 20.13 + 1.40% for the LV GLS at A4C and 20.02 + 2.00% for the RV free wall strain. The mean difference of the inter-observer measurements was 20.06 + 1.49% for the LV GLS at A4C and 0.18 +2.68% for the RV free wall strain ( Figure 7) . The intra-observer agreement for RV segmental strain (3 segments) was 20.67 + 4.53% and the inter-observer agreement was 0.33 + 7.28%.
Discussion
In this prospective cross-sectional study, RV as well as LV peak systolic longitudinal strain are decreased in ToF patients. Of the RV free wall, especially the apical deformation is impaired, suggesting that apical function is affected most in these volume overloaded RVs.
Of the LV, the septal strain is decreased, which indicates potential ventricular -ventricular interaction.
RV longitudinal strain
In normal RV anatomy, longitudinal contraction is the major contributor to the overall RV performance. 19 The longitudinal strain of all three RV free wall segments was decreased in the patients, presumably as a result of chronic volume overload. Decreased free wall strain was also described by others; however, they included only a small group of patients. 10, 12 The apical strain was more decreased than the strain of the other RV segments, which was also observed in children, 11 confirming that RV basal and midventricular function are better preserved than apical function. The reason why the apical segment is most sensitive to volume overload is not exactly clear. It has been suggested that the RV apical part is more affected by wall stress, because it is thinner and more trabeculated than the inlet and outlet parts. 19, 20 The higher regional wall stress results in a dilated and more rounded apical shape. 20 This remodelling could lead to greater reduction in apical contractile function resulting in more decreased strain. Another explanation could be that in some RVs a hypertrophied moderator band and trabeculations lead to a smaller regional volume and therefore might decrease the apical deformation. 21 Remarkably, patients with severe PR had less decreased RV free wall strain than patients with none-moderate PR. Possibly, the higher strain values in patients with severe PR are a result of a compensatory mechanism. Moreover, the lower RV strain in patients with none-moderate PR could possibly be explained by the fact that some of them received a PVR after long-term suffering from severe PR. The exposure to severe PR and the reintervention could lead to decreased RV strain. However, these hypotheses remain speculative. The exact underlying mechanism is unclear and follow-up is necessary to evaluate RV deformation over time.
Timing of PVR is controversial and the optimal indications are not completely clear yet. After PVR, RV EF does often not improve, 22 suggesting that irreversible myocardial damage has already been occurred when using a more conservative approach. Decreased strain may be present before changes in EF become visible and might be of additional value in identifying patients in need of PVR. However, to conclude that decreased strain is an early sign of ventricular dysfunction in these patients and could be an additional criterion for reinterventions, a prospective longitudinal study is required.
Ventricular -ventricular interaction
LV dysfunction is a strong determinant of clinical outcome in ToF patients, 3, 6, 7 making early detection important. RV dysfunction may lead to LV dysfunction in ToF patients. 3 -5,10,23 RV free wall strain of our adult patients was related with LV GLS, suggesting ventricular -ventricular interaction. Decreased LV GLS was mainly caused by decreased strain of the midventricular and apical septum, both interventricular segments. Also in children the assessment of ventricular -ventricular interaction revealed that RV free wall strain and LV GLS were closely related and that LV strain was significantly decreased at the mid and apical levels. 24 Moreover, decreased RV function in ToF patients results in smaller or impaired LV twist. 23, 24 RV pressure and volume loading are likely to affect the LV through several potential interventricular mechanisms, e.g. changes in septal Figure 5 Mean RV free wall and segmental longitudinal strain of ToF patients (n ¼ 62) and healthy controls (n ¼ 54). Peak systolic RV free wall strain was measured at the apical four-chamber view. The error bars show 95% confidence interval. GLS, global longitudinal strain.
Assessment of ventricular function in adults with TOF curvature, shared myocardial fibres and electromechanical dyssynchrony. Additionally, in ToF patients, mechanical interventricular interaction is observed by the interventricular septal patch that leads to dysfunction of at least a part of the septum. 25 A prospective follow-up is needed to conclude whether decreased septal strain is a pre-clinical sign of LV dysfunction.
Relationships with clinical parameters
RV free wall strain correlated moderately with TAPSE and modestly with CMR-derived indexed RV SV, but not with RV EF. Mercer-Rosa et al. 26 described in ToF patients an association of TAPSE with RV SV, but not with RV EF which is corresponding with our results.
An explanation for lack of correlation between RV free wall strain and RV EF could be that in case of changed loading conditions, the RV compensates decreased longitudinal strain with an increase in radial or circumferential strain to preserve its EF. During a 4-year follow-up in adults with ToF, the RV EF remained unchanged, whereas the RV GLS decreased significantly. 12 Hayabuchi et al.
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described in children with repaired ToF a decreased RV longitudinal septal strain, but a normal circumferential and increased radial strain. These deformation characteristics may be the same or even more pronounced in adults. The lack of correlation could also be caused by the CMR-derived volumes that are observer dependent and sensitive to the used method. Another explanation could be that RV free wall strain reflects deformation of the RV inflow and apical part, but not of the RV outflow tract. Many ToF patients have an outflow patch which could influence the regional function. Wald et al. 28 demonstrated with CMR that regional RV outflow tract abnormalities adversely affect global RV EF. Whether it is feasible and reliable to measure RV longitudinal strain at different views with echocardiography to get a better estimation of RV function is unknown and has to be investigated. RV free wall strain appears to have discriminative ability for quality of life in ToF patients; 29 however, whether decreased strain is a predictor of clinical outcome is unknown. Our study showed no correlation between RV free wall strain and exercise performance, which is in contrast with the observed correlation in children by Alghamdi et al. 30 Reasons for this discrepancy could be the differences in surgical era, patient age or, as described by Wald et al., 28 that the RV outflow tract function is a more important determinant Figure 6 Correlations between RV free wall strain with conventional parameters. Significant correlations were observed between RV free wall strain and TAPSE (A), and RV end-diastolic longitudinal dimension (B ); EDV, end-diastolic volume (mL); ESV, end-systolic volume (mL); GLS, global longitudinal strain; IQR, inter-quartile range; PR, pulmonary regurgitation; SV, stroke volume (mL). of exercise performance. We did not find significant relationships between NT-proBNP levels and strain values. However, single NT-proBNP measurements rarely allow meaningful correlations with imaging parameters, and therefore, sequential measurements are needed to draw further conclusions.
RV strain values have not been adjusted to RV size to possibly reveal further correlations as was done in children, 11 because it is not recommended in the current guidelines. 8 Intra-observer and inter-observer agreement
We found a higher variation in strain values of the RV than the LV. This could probably be explained by the fact that the RV free wall is more difficult to image than the LV, the RV consisted of fewer segments and that the algorithm has been developed for the LV shape. Although the variation is higher for RV free wall strain, the reproducibility is still good. The intra-observer and inter-observer variation of RV Figure 7 Bland -Altman plots demonstrating intra-observer and inter-observer agreement. Left ventricular strain and right ventricular free wall strain for intra-observer (A and B) and inter-observer agreement (C and D) were measured at the apical four-chamber view. The solid lines depict the mean difference of two measurements, and the dashed lines depict the limits of agreement. A4C, apical four-chamber view; COV, coefficient of variation.
segmental strain was considerable, but the mean difference of the two measurements was small meaning that the observed decrease in strain was well reproducible.
Limitations
We measured peak systolic longitudinal deformation. Analysis of radial and circumferential deformation may have provided additional information, but shortening of the RV is larger longitudinally than radially and, therefore, contributes more to RV contraction. 19 We assumed that the same applies to RVs of ToF patients. In addition, RV radial and circumferential strain measurements are not available on QLAB software. Rotational movements play a significant role for LV function, but we decided to measure strain in longitudinal direction making comparisons with RV strain clearer. Cardiopulmonary exercise tests and CMR exams were not performed in about one quarter of the patients. Therefore, correlation analysis results should be interpreted with caution.
Conclusions
The RV free wall longitudinal strain and strain rate are decreased in ToF patients, most pronounced at the apical segment. This suggests that apical function is most affected in these volume overloaded RVs. With regard to the LV, the strain of the septum is decreased indicating that RV dysfunction negatively affects LV function, probably due to mechanical ventricular coupling. Whether decreased strain is an early and subclinical sign of ventricular dysfunction in ToF patients, and whether decreased strain could be an objective criterion for reinterventions, is unclear and requires a prospective longitudinal study.
